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Introduction 
 
Plant development is characterized by a high degree of plasticity that is, 
the ability to adjust the developmental programme to respond to 
changes in the environment. This plasticity is necessary for plants to 
survive because as sessile organisms they cannot escape from adverse 
conditions. In plants the main body plan, including the basic apical–
basal axis, is established during embryonic development. This main 
body axis is defined by the shoot apical meristem at the apex and the 
root apical meristem at the basal end. During postembryonic 
development, the activity of these meristems leads to the formation of 
shoot- and root-specific organs. In addition, secondary meristems are 
formed in both the root and shoot and can have the same 
developmental potential as the primary meristems. Thus, the body plan 
is continuously modified throughout the plant’s lifecycle, adapting it to 
the prevailing environmental conditions (Domagalska and Leyser, 
2011). 
An example of such developmental plasticity is the control of shoot 
branching. During this process, secondary shoot apical meristems, i.e. 
the axillary meristems, are formed in the axil of each leaf and later may 
develop into branches. The axillary meristems often initiate a few leaves 
before arresting their growth to form a dormant axillary bud (Lang et 
al., 1987). This bud may later be activated and give rise to a branch or 
may remain dormant. Thus, the final number of branches is defined by 
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the number of axillary meristems and by the activity of the axillary buds 
(Domagalska and Leyser, 2011; Dun et al., 2006). 
The vast diversity of architectures found in plants depends largely on 
the control of branching. Branching patterns determine many aspects of 
plant form, light interception efficiency, and adaptation to resource 
availability (Aguilar-Martinez et al., 2007). Shoot branching patterns are 
generated during postembryonic development. After germination, the 
shoot apical meristem generates the main shoot, the leaf primordia and 
new meristems. These secondary meristems are formed in the axil of 
the leaves and are established at the time of leaf primordia initiation or 
later in the development from groups of cells that retain meristematic 
potential (Aguilar-Martinez et al., 2007; Greb et al., 2003). 
Most of the developmental plasticity arises from the regulation of bud 
outgrowth. Physiologically distinct inactive states of a bud may be 
characterized on the basis of the origin of the signal that inhibits 
growth: paradormancy, ecodormancy and endodormancy (Lang et al., 
1987). Paradormancy is imposed by endogenous signals, such as plant 
growth regulators, originating from outside the bud. Ecodormancy is 
imposed by the environmental conditions. Endodormancy, which is 
found in perennial plants, is a deeper state of bud inactivity that leads 
to internal changes in bud status, which cannot be removed by simply 
eliminating the factors that initiated those changes (Domagalska and 
Leyser, 2011; Lang et al., 1987). 
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The control of lateral bud outgrowth has long been studied. Remarkable 
attention has been focused on apical dominance (AD), that designates 
the inhibition of the formation of side branches by the presence and 
activity of the dominant shoot apex (Balla et al., 2011; Cline, 1997). 
The lateral bud outgrowth inhibition exerted by the active growing shoot 
apex represents a kind of paradormancy. 
The flexibility in axillary meristem activity makes possible substantial 
variation in shoot system architecture, allowing the plant to adapt its 
architecture to the prevailing environmental conditions. Hence it is not 
surprising that axillary bud activity is regulated by a wide range of 
environmental inputs such as the levels and quality of light (Cline, 
1996), and nutrient availability (Cline, 1991). 
A complete AD phenotype (Cline, 1997) is typical of many wild-type 
varieties of garden pea (Pisum sativum L.), where a total inhibition of 
lateral bud outgrowth is observed during vegetative development. 
Removal of the shoot apex (i.e. decapitation) weakens this inhibition, 
allowing for the outgrowth of lateral buds. Decapitation reduces the 
endogenous levels of indole-3-acetic acid (IAA), the main bioactive 
auxin (Thimann and Skoog, 1933, 1934; Morris et al., 2005). This 
correlation between shoot IAA concentration and bud outgrowth led to 
what is commonly referred to as the classical hypothesis of AD (Dun et 
al., 2006), that is described later in the text. 
Under natural conditions, plant species with a poor response to 
decapitation would be likely to have a selective disadvantage. 
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Therefore, AD may have evolved to ensure that bud outgrowth occurs 
after decapitation, allowing the plant to complete its life cycle. In 
contrast, branches of intact plants with vigorous shoot tip growth are 
generally not essential for the life cycle, but rather serve to enhance 
vegetative proliferation and/or to generate multiple sites for seed 
production. Excessive branching may be costly and hence branching, 
especially in intact plants, is likely to be carefully modulated in response 
to environmental factors, such as light quality, nitrogen and carbon 
availability, and growth and development of other plant parts (Dun et 
al., 2006). 
These environmental signals are relayed through the action of plant 
growth regulators. Of particular importance are auxin and cytokinin, as 
well as a novel carotenoid-derived hormone which has yet to be 
chemically defined clearly, but the existence of which is supported by 
the analysis of a series of branching mutants in Arabidopsis, pea, and 
petunia (Beveridge, 2000; Booker et al., 2005; Simons et al., 2007). 
The first experiment that linked AD with auxin was carried out by 
Thimann and Skoog (1934). They showed that IAA, applied to the top 
of a decapitated plant mimics the effect of the removed apex, 
preventing bud outgrowth. Even though most of researchers support 
the model of auxin as an inhibitor of lateral buds outgrowth, its exact 
mode of action has not yet been elucidated. 
Indole-3-acetic acid, the most abundant auxin in plants, has been 
shown to be synthesized in the shoot apex and young expanding leaves 
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(Ljung et al., 2001); thus removal of the shoot apex removes a major 
auxin source and weakens AD (Ongaro and Leyser, 2008). 
Another class of plant growth regulators involved in branching is 
cytokinins (CK) that show an opposite effects compared to auxin: 
exogenously applied CK directly on lateral buds promote their 
elongation (Li et al., 1995). 
Further experiments with exogenous growth regulators (Sachs and 
Thimann, 1967) led to the development of a model according to which 
AD would be controlled by the ratio between auxin and CKs. Such model 
hypothesized an antagonistic action between the two growth regulators: 
auxin, synthesized in the shoot apex and in young expanding leaves 
(Ljung et al., 2001), is transported basipetally down the shoot through 
a mechanism called polar auxin transport (PAT): this downward auxin 
flow, which proceeds from cell to cell in the xylem parenchyma (Balla et 
al., 2011; Leyser, 2009; Willige et al., 2001) would inhibit lateral bud 
outgrowth by acting in the corresponding node, in the stem (Crawford 
et al., 2010). Conversely, CKs are mainly synthesized in roots and 
move through the plant in the transpiration stream in the xylem 
promoting lateral buds outgrowth. According to Sachs and Thimann 
(1967) the shape of the plant is the result of the interaction between 
the above mentioned hormones, thus when the apex is removed the 
IAA:CK ratio decreases and the lateral buds grow up. 
Indoleacetic acid regulates plant morphogenesis during all stages of 
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auxin mediates the expression of auxin-responsive genes through the 
inactivation of Aux/IAA transcriptional repressors that negatively 
regulate the activity of AUXIN REPONSE FACTOR transcription factors 
(Chapman and Estelle, 2009). At the organismal level, auxin polar 
transport from the sites of biosynthesis to the sites of action is 
facilitated by the membrane proteins AUXIN RESISTANT1 (AUX1)/LIKE-
AUX1 (LAX) (Bennett et al., 1996; Yang et al., 2006; Bainbridge et al., 
2008; Willige et al., 2011) and PIN-FORMED (PIN) (Kramer and 
Bennett, 2006; Teale et al., 2006; Vieten et al., 2007). AUX1/LAX have 
been shown to function as auxin influx facilitators, while PIN proteins 
are efflux facilitators and function together with members of the family 
of MULTIDRUG RESISTANCE/PHOSPHO-GLYCOPROTEIN proteins (PGP) 
(Chen et al., 1998; Yang et al., 2006). Polar auxin transport may 
contribute to the formation of local auxin maxima or minima, that can 
influence a diverse array of developmental processes, such as organ 
differentiation in the shoot, root differentiation in the root meristem, 
and lateral root formation along the differentiated root, as well as tropic 
responses, such as phototropism and gravitropism (Willige et al., 
2011).  
PIN auxin efflux facilitators have a polar distribution in the plasma 
membrane of xylem parenchyma, which is in agreement with the 
direction of polar auxin transport within the plant body (Willige et al., 
2011).  
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At least five PIN family members, namely, PIN1, PIN2, PIN3, PIN4, and 
PIN7, participate in the cell-to-cell transport of auxin in plants. These 
PIN proteins have redundant functions, and mutants lacking multiple 
PIN genes have severe growth and differentiation defects (Vieten et al., 
2005). Among the five PIN family members, PIN1 and PIN2 are 
particularly well suited for developmental and genetic studies because 
their loss-of-function mutants have specific phenotypes that can be 
attributed to the loss of specific auxin-dependent developmental 
processes: PIN1 is the major auxin efflux facilitator in the Arabidopsis 
and pea shoot and loss of PIN1 impairs cotyledon differentiation, 
phyllotaxy and shoot differentiation (Willige et al., 2011). PIN2 
regulates primarily root gravitropism, and roots of pin2 mutants are 
fully agravitropic (Balla et al., 2011; Willige et al., 2011). 
The PAT is a cell-to-cell transport: auxin exits the cell through the 
plasma membrane efflux facilitators (AUX1/LAX proteins), diffuses in 
the apoplast and enters the adjacent cell through the plasma 
membrane auxin influx facilitators (PIN and PGP protein families) 
(Vieten et al., 2007). This process requires metabolic energy, thus 
hypoxia or metabolic inhibitors can suppress it. 
Indoleacetic acid, as a weak acid, is often found in the protonated form 
in the apoplast, because of the low pH of this compartment and this 
allows the molecule to cross the plasma membrane and to diffuse 
passively into the cell. The higher pH of the cytosol causes the acidic 
carboxyl group to dissociate, thus the ionized molecule is trapped it in 
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the cell unless it is actively exported: this may occur owing to the PIN 
family of auxin efflux carriers (Booker et al., 2003; Leyser, 2009). 
Disruption of polar auxin flow by removal of the shoot apex results in 
the outgrowth of one or more axillary buds, which can be prevented by 
auxin application to the stump, as reported previously. 
Although it was clear that apical-derived IAA moving in the polar 
transport stream inhibits bud outgrowth, its mechanism of action has 
remained elusive for a long time (Ongaro and Leyser, 2008). 
Radiolabelled auxin applied to the stump of the decapitated primary 
shoot could inhibit the activity of axillary buds below it without 
accumulating in the bud. Furthermore, direct auxin application to the 
bud did not inhibit outgrowth (Brown et al., 1979). These findings 
suggest that apex-derived, polarly transported IAA could act indirectly 
in inhibiting lateral bud outgrowth (Ongaro and Leyser, 2008). 
Two distinct mechanisms have been proposed to account for the 
indirect effect of auxin in AD control. The first claims that auxin 
represses the synthesis of a secondary mobile signal that can move 
upward into the bud to promote its elongation. 
CK are potent and direct activators of bud outgrowth (Sachs and 
Thimann 1967), and auxin has been shown to down-regulate CK 
synthesis both locally at the node in the main stem as well as in the 
roots (Ongaro and Leyser, 2008). For example, in pea, decapitation 
resulted in increased CK export from roots and transcription of 
biosynthesis genes in the stem. Both responses are prevented by the 
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application of IAA to the decapitated stump. Therefore, apex-derived 
would decrease CK availability to buds and suppress their activation 
(Leyser, 2009). 
The ability of IAA to modulate CK synthesis in Arabidopsis is dependent 
on the AXR1 gene (Nordström et al., 2004), part of the canonical auxin 
signalling pathway in which the IAA receptor TRANSPORT INHIBITOR 
RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) binds 
auxin and transduces the signal to change the expression of 
downstream genes by targeting members of the INDOLE-3-ACETIC 
ACID INDUCIBLE (Aux/IAA) protein family of transcriptional repressor 
for degradation (Leyser, 2006). Consistent with a role for this pathway 
in bud regulation, AXR1 is necessary for the full inhibition of Arabidopsis 
buds by apical auxin (Chatfield et al., 2000). Tissue specific expression 
of AXR1 in an axr1 mutant background demonstrated that AXR1 acted 
in the xylem parenchyma to mediate bud inhibition, i.e. at the main site 
of polar auxin transport (Leyser, 2009). 
Genetic analyses have provided an additional candidate as a second 
messenger for auxin in the regulation of branching. Mutants in four 
model species have been identified that have increased shoot 
branching. These are the ramosus (rms1, rms2, rms3, rms4 and rms5) 
mutants of pea, the decreased apical dominance (dad1, dad2, dad3) 
mutants of petunia, the more axillary branching (max1, max2, max3, 
max4) mutants of Arabidopsis, and dwarf (d1, d10, d17) and high 
tillering dwarf (htd1) in rice (Beveridge, 2006; Beveridge et al., 1994; 
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Beveridge et al., 1996; Beveridge et al., 1997; Booker et al., 2005; 
Gomez-Roldan et al., 2008; Sorefan et al., 2003; Umehara et al., 
2008). Recent findings revealed that the increased branching in these 
mutants could be attributed to the lack of a graft-transmissible chemical 
signal coming from roots and moving acropetally in the stem where it 
would inhibit axillary bud outgrowth. Such signal must be other than 
auxin or CK given that these mutants were found to have higher levels 
of auxin and reduced levels of CK, thus apparently contradicting the 
hypothesized roles of these growth regulators in the control of bud 
outgrowth (Beveridge et al., 1997; Brewer et al., 2009). 
When grafting some of the above mentioned mutants (max1, max3, 
max4; rms1, rms2, rms5; dad1) onto wild-type (WT) rootstocks the 
WT, unbranched phenotype is restored, indicating that these genes are 
required for the production of at least one long range graft-
transmissible signal that inhibits shoot branching (Beveridge et al., 
1994; Booker et al., 2005; Foo et al., 2001; Morris et al., 2001). The 
reciprocal grafts, with WT scions and mutant roots, also had a WT  
phenotype, indicating that the signal(s) can be synthetized both in roots 
and in shoot. 
Conversely, the high-branching phenotype of a second group of 
mutants (rms3, rms4, dad2, max2) could not be rescued by grafting 
the corresponding scions onto a WT rootstock (Booker et al., 2005; 
Stirnberg et al., 2007). 
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The max2/max2 Arabidopsis grafted plants developed numerous axillary 
branches from the basal leaf rosette compared to WT/WT controls. In 
both max2/WT and WT/max2 the scion held its original phenotype: this 
suggests that the MAX2 gene acts in the shoot to inhibit branching. 
To determine the relationship between the different max mutants, other 
reciprocal grafting experiments have been performed. Grafting max3 
scions to max4 rootstocks and vice versa resulted in branching 
phenotypes, similar to the respective max/max controls. This suggests 
that these mutants lack the same signal (Stirnberg et al., 2007). 
Similarly, max1 scions showed a bushy mutant phenotype when grafted 
onto max3 or max4 rootstocks, but max1 rootstocks were able to 
restore the WT branching pattern in max3 or max4 scions, which 
suggests that max1 rootstocks can produce the signal, or a mobile 
precursor of the signal, that is deficient in max3 and max4 (Booker et 
al., 2005; Gomez-Roldan et al., 2008; Stirnberg et al., 2007; Umehara 
et al., 2008).  
Taken together, these results suggest that MAX1, MAX3 and MAX4 act 
on the same biosynthetic pathway to produce a branch-inhibiting long-
range mobile signal and MAX2 is involved in the perception/transduction 
of this signal in the shoot. The different grafting behaviour of 
max3/max4 and max1 mutant root can be explained if MAX3 and MAX4 
act earlier in the pathway on nonmobile substrates, while MAX1 acts 
later on a mobile substrate. Thus, max3 and max4 mutant roots do not 
produce the putative mobile precursor of the signal, whereas the 
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functional MAX3 and MAX4 in max1 mutant roots produce a molecule 
that can move up the plant and can be converted by MAX1 (normally 
functioning in max3 and max4) in the shoot to the active branch-
inhibiting signal (Booker et al., 2005; Gomez-Roldan et al., 2008; 
Ongaro and Leyser, 2008). 
To determine the relationship between MAX2 and MAX1/3/4, reciprocal 
grafts were carried out between max2 and max3. Rootstocks from 
max3 plants had no effects on max2 scions, while max2 roots were able 
to restore WT branching pattern in max3 mutants. These results 
indicate that MAX2 is not required for the synthesis of the MAX1/3/4 
dependent signal (Booker et al., 2005). 
The phenotype of max2 phenotype is identical to max1, max3 and 
max4 and double mutants do not show increased branching compared 
to single mutants (Stirnberg et al., 2007). 
Considerable evidence suggests that the nature of the regulatory 
process of AD is highly conserved across plant species (Dun et al., 
2006; Ferguson and Beveridge, 2009; Ongaro and Leyser, 2008).  
Molecular analysis of MAX genes showed orthology among different 
MAX, RMS, DAD and D/HTD genes family members. 
MAX4, RMS1, D10 and DAD1 are orthologous genes encoding proteins 
that belong to a group of polyene chain dioxygenases, most of which 
are carotenoid cleavage dioxygenases (CCD8). MAX3, RMS5 HTD1/D17 
are orthologous and encode for another CCD (CCD7) (Gomez-Roldan et 
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al., 2008; Umehara et al., 2008). Unlike several members of the CCD 
family, the substrate for CCD7 and CCD8 is unknown. 
CCD7 and CCD8 are capable of cleaving carotenoids. CCD7 cleaves β-
carotene to make β-ionone and 10’-apo-carotenal, which is further 
cleaved by CCD8 to form 13-β-apo-carotenone and an unidentified 
acyclic dialdehyde (Beveridge, 2006; Schwartz et al., 2004). These 
reactions occur in the plastids, where the relative genes are expressed 
(Booker et al., 2005). 
MAX1 encodes for a cytochrome P450-dependent monooxygenase 
acting downstream of CCDs on a mobile substrate to produce the 
branching inhibitor hormone. 
MAX2, RMS4 and D3 are orthologous members of the F-box leucine rich 
repeat (LRR) protein family, which acts as the substrate recognition 
subunit of SCF ubiquitin E3 ligase for proteasome-mediated proteolysis. 
The predicted biochemical function of MAX2, RMS4 and D3 is consistent 
with their role in signal transduction of the novel hormone (Umehara et 
al., 2008). Several elements of this model are similar to those proposed 
by Beveridge (2000) for the RMS loci. rms3 and rms4 mutants show a 
phenotype analogous to that of max2, and grafting experiments 
displayed that RMS3 and RMS4 genes act locally in the stem. 
The mechanism of action for the novel hormone has not yet been 
elucidated, nevertheless it has been demonstrated, at least for 
Arabidopsis, that it alters the polar auxin transport capacity in the stem. 
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An intimate connection between the Arabidopsis MAX pathway and 
auxin has been proposed. Firstly, max mutant buds are resistant to the 
inhibitory effect of apical auxin (Sorefan et al., 2003; Bennett et al., 
2006), suggesting that the MAX pathway is required for full auxin-
mediated bud inhibition. Furthermore, there is strong evidence to 
suggest that the MAX pathway acts by regulating auxin transport 
capacity in the main stem. This is achieved at least in part by 
modulation of the levels of PIN auxin efflux carriers (Balla et al., 2011; 
Bennett et al., 2006; Willige et al., 2011). In max mutants and in rms1, 
PIN1 protein accumulates in plasma membrane cells of xylem 
parenchyma and further auxin transporters genes have been shown to 
be up regulated (Ongaro and Leyser, 2008; Leyser, 2009). 
This results in an increased auxin transport capacity in the stem of the 
mutants (Bennett et al., 2006), which apparently causes the bushy 
phenotype. If the polar auxin flow is reduced back to the WT level, 
either chemically with transport inhibitors or genetically in the pin1 
mutant background, branching is suppressed. Furthermore, transport 
inhibitors can also restore WT responsiveness to auxin in max mutant 
buds (Ongaro and Leyser, 2008). 
Gomez-Roldan et al. (2008) and Umehara et al. (2008) provided 
evidence that the signal synthesized and transduced by MAX, RMS, DAD 
and D/HTD genes is a strigolactone (SL) or a SL-derived molecule and 
rms1/5, max1/3/4, htd1/d17, d10, dad1 mutants lack such branching 
inhibitor. 
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Branching inhibition is restored in these mutants when grafted onto WT 
rootstocks (Beveridge et al., 1997; Booker et al., 2005; Foo et al., 
2001; Morris et al., 2005). Molecular analysis confirmed that these 
mutants lack the inhibitor mobile signal that is supplied by WT roots. 
Therefore auxin regulation of shoot branching may be mediated also by 
SL. 
ccd7 and ccd8 mutants of rice and pea are deficient in SLs, and the SL 
synthetic analogue GR24 can restore the WT phenotype in max1, max3, 
and max4 mutants of Arabidopsis (Gomez-Roldan et al., 2008; Hayward 
et al., 2009; Umehara et al., 2008).  
SLs are carotenoid derived terpenoid lactones which have been found in 
root exudates of diverse plant species and were initially characterized 
as seed germination stimulants of parasitic plants such as Striga and 
Orobanche species (Cook et al., 1972; Umehara et al., 2008).  
More recently, SLs were shown to act as root-derived signals for 
symbiotic interaction with arbuscular mycorrhizal (AM) fungi of the 
Glomeromycota phylum. These symbioses are observed in more than 
80% of terrestrial plants, coinciding with the wide distribution of this 
class of terpenes. SLs may have additional, unknown functions in 
plants, because they induce seed germination also of non-parasitic 
plants and are secreted also by the roots of plants that do not host 
arbuscular mycorrhizal fungi, including Arabidopsis (Brachmann and 
Parniske, 2006; Cook et al., 1972; Gomez-Roldan et al., 2008; 
Umehara et al., 2008).  
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The root parasitic plants Orobanche and Striga spp. are devastating 
pests in agricultural production throughout the world. These root 
parasites depend on host plants for nutrients and water and cannot 
survive without parasitizing hosts. Their tiny seeds contain limited 
resources, therefore they must avoid germinating when they are not 
close to the roots of the host species. These seeds have evolved the 
ability to perceive the root exudates of the host plant, termed 
‘germination stimulants’. The first described germination stimulant for 
Striga, named strigol, was isolated from the root exudates of a false 
host, cotton (Gossypium hirsutum L.) (Cook et al., 1972), and later 
identified from genuine hosts, sorghum (Sorghum bicolor (L.) Moench), 
maize (Zea mays L.), and proso millet (Pennisetum glaucum (L.) R. Br.) 
(Yoneyama et al., 2008).  
Subsequently, sorgolactone and orobanchyl acetate (alectrol) were 
isolated from S. bicolor and Vigna unguiculata L. root exudates, 
respectively. 
Root exudate analysis with LC/MS/MS of several Fabaceae species 
grown hydroponically showed that orobanchol, orobanchyl acetate and 
5-deoxystrigol are the most abundant SLs in these plants, each of which 
exuded at least two SLs (Yoneyama et al., 2008). Quantitative and 
qualitative differences in the SLs composition may be one of the key 
factors determining the host specificity of AM fungi and parasite plants. 
Auxin is known to promote the expression of SL biosynthesis genes 
(Brewer et al., 2009). Decapitation-induced reduction of IAA decreased 
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the expression of SL biosynthesis genes and the same response was 
elicited by applying auxin transport inhibitors to intact plants (Sorefan 
et al., 2003). Application of IAA to decapitated plants restored SL gene 
expression. These data suggest that auxin may regulate AD through the 
modulation of SL biosynthesis (Beveridge, 2006; Brewer et al., 2009; 
Dun et al., 2006).  
Ferguson and Beveridge (2009) showed that rms mutant pea plants do 
not branch equally at any node. Basal branches of rms had considerably 
more fully expanded leaves and were longer than aerial branches. This 
suggests that the upper buds of these mutants are inhibited by signals 
originating from the apex, despite the absence of a functional RMS 
pathway. The buds of the upper nodes responded to decapitation in a 
similar way, regardless to their genotype (rms mutants or WT).  
The authors concluded that AD occurs also in rms mutants, 
nevertheless the lack of a functional RMS pathway in these plants fails 
to inhibit the outgrowth of basal axillary buds. 
The crosstalking between SLs and classes of plant growth regulators 
other than IAA or CK would be an interesting aspect to investigate, in 
the attempt to elucidate the exact mechanisms underlying the control of 
AD.  
Gibberellins (GAs), for example, are a class of growth regulators 
involved in different growth processes such as shoot elongation, leaf 
expansion, flowering and seed germination. Their levels are strictly 
regulated by transcriptional control of metabolic genes (Fagoaga et al., 
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2007). The involvement of this class of growth regulators in the control 
of AD may have been overlooked. 
Dwarf pea plants are mutants with impaired GAs biosynthesis and they 
represent a suitable experimental model to investigate the hormonal 
crosstalking regulating AD. 
There is a general lack of data on this subject. Early evidence suggests 
that GAs might participate to the network of hormonal signals 
underlying AD. For example, in decapitated pea plants the inhibition of 
lateral bud outgrowth caused by the application of exogenous auxin is 
enhanced by GAs (Jacobs and Case, 1965; Scott et al., 1967) and 
treatments with GA biosynthesis inhibitors may lead to loss of AD in 
some species (Ruddat and Pharis, 1966). In recent years, the 
involvement of GAs in AD has received little attention and very few 
papers have been published on this subject. Jiang et al. (2010) have 
demonstrated that transgenic Chrysanthemum plants, transformed with 
the lateral suppressor-like gene in both the sense and antisense 
orientation, branched more profusely than the wild-type or did not 
branch, respectively. 
The bushy phenotype (sense transformants) was associated with 
reduced GA content, while the antisense (non branching) transformants 
had higher GA levels. A Citrus hybrid rootstock overexpressing 
antisense CcGA20ox1, a key enzyme of GA biosynthesis, showed lower 
levels of bioactive GA1 compared to the control and this correlated with 
a bushy phenotype (Fagoaga et al., 2007). 
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Other physiological observations suggest an interaction between IAA 
and GAs in AD: GA application leads to an increase in IAA transport that 
correlates with an increase in AD in many species (Jacobs and Case, 
1965; Willige et al., 2011). Furthermore, polar IAA transport is reduced 
in GA biosynthesis and signalling mutants of Arabidopsis through a 
reduction in the abundance of PIN auxin efflux proteins (Willige et al., 
2011). 
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Aim of the work 
 
The aim of my research was to study the crosstalk of SLs and GAs in 
the control of AD. Also the involvement of IAA in the regulation of this 
process was taken into account, given the physiological relevance of the 
role of IAA in the control of AD. Pea was a suitable plant model for this 
goal, given the complete AD phenotype (Cline, 1997), where a total 
inhibition of lateral bud outgrowth is observed during vegetative 
development. Removing the apex disrupts AD and leads to axillary bud 
outgrowth, thus allowing to manipulate this developmental response of 
the plant.  
Specifically, the relationship between SLs and GAs was investigated by 
applying the SL synthetic analogue GR24 to both climbing (i.e. vining) 
and dwarf decapitated peas, the latter being mutants for GA 
biosynthesis. The experiments were performed also on the reciprocal 
phenocopies of the two cultivars (cvs), which were obtained by 
chemically manipulating the levels of the endogenous bioactive GA 
(Luisi et a., 2011).  
The crosstalking between SLs and GAs was further investigated through 
the analysis of the endogenous content of the main GAs (the bioactive 
molecule, its main precursors and catabolite) and of IAA in the tissues 
of stem and roots collected at different times following decapitation and 
SL treatment. 
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The response of GA metabolism to decapitation and SL application was 
studied by analyzing the expression pattern of the genes involved in the 
latest steps of the GA pathway. The only two genes that are known to 
be involved in SL biosynthesis in pea, i.e. RMS1 and RMS5, were also 
investigated. 
The present work is aimed at elucidating how GAs may modulate the 
response of lateral buds to SLs in pea plants that have a normal 
genotype for SL biosynthesis. 
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Materials and methods 
 
Plant growth conditions 
 
Pea (Pisum sativum L.) plants belonged to two commercial cvs: the 
climbing 'Lavagna' and the dwarf 'Meraviglia d'Italia' (Gargini Sementi). 
The experiments were performed in a growth chamber under high 
pressure sodium lamps (Plantastar 400W, Osram), with a 
photosynthetic photon fluence rate of 180 µmol m-2 s-1 over the 
waveband 400 to 700 nm, 14/10 h photoperiod and 25/20 °C 
day/night. Seeds were imbibed under running tap water for 6 h and 
surface sterilized by dipping them in 70% (v/v) ethanol for 2 min, then 
in 2% (v/v) sodium hypochlorite for 30 s. They were rinsed with 
abundant sterile distilled water and left to germinate in 10 L glass 
vessels with sterile vermiculite, wetted with 500 mL sterile distilled 
water, in darkness at 25°C for 36 h. Germinated seeds were 
transplanted in 0.2 L pots in sterile vermiculite and irrigated with 50 mL 
0.3x Hoagland’s solution no. 2 (Sigma-Aldrich). Plants were then 
watered every 2 d, alternating 40 mL sterile distilled water to an equal 
volume of Hoagland’s solution 0.3x. 
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Treatments with the strigolactone 
 
Pea plants with four fully developed internodes (i.e. 10 d after 
transplanting in pot) were decapitated by a scalpel just above node 4. 
The resting buds at this node were treated with solutions of GR24 
(Chiralix), a synthetic analogue of strigolactones, at three 
concentrations: 1, 5 and 10 µM. By a microsyringe, 10 µL of each 
solution were applied to the buds. To prepare the solutions, GR24 was 
first dissolved in a small volume of acetone, then diluted to the final 
concentration with sterile distilled water. The final acetone 
concentration was 0.02% (v/v). The buds of node 4 of control plants 
were treated with an equal volume of 0.02% acetone in sterile distilled 
water. Treatments were repeated for 5 d consecutively and the 
elongation of the treated buds was measured daily by a caliper. The 
greatest difference between the mean length of treated and control 
buds was recorded 3 days after the last application of GR24, therefore 
we used such data, normalized to the corresponding control, to evaluate 
the effect of the treatments. 
Differently from the experiment carried out to evaluate the growth 
response in terms of lateral buds outgrowth, only one SL application 
has been administered to the plants used in experiments for the 
biochemical and molecular characterization of the cultivars. In this case, 
plant material has been collected at different times after decapitation 
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and the unique 10 µL GR24 10 µM treatment (T=0h, T=1h, T=3h, 
T=6h).  
 
 
Treatments with GA3 and prohexadione-calcium (PHC) 
 
We performed the reciprocal partial phenocopy of the two pea varieties 
by treating a group of dwarf plants with the exogenous, bioactive GA3 
and a group of climbing plants with PHC, an inhibitor of GA 
biosynthesis, prior to decapitation and GR24 application.  
In order to evaluate the growth response of lateral buds and any 
occurring variation in the content of the main GAs, GA3 and 
prohexadione-calcium (PHC) (Sigma-Aldrich) were applied in water 
solution via the root apparatus. Five mL of 30 µM GA3 were 
administered to the dwarf plants 5 and 7 d after germination (i.e. 5 and 
3 d before the first GR24 treatment). Climbing plants were treated with 
a volume of 20 mL of 1 mM PHC 6 and 10 d after germination (i.e. 4 d 
before and the day of the first GR24 treatment).  
The concentrations of the chemicals and the volumes and times of 
application were chosen on the basis of several preliminary tests (data 
not shown), that aimed at synchronizing the maximum response to 
these treatments with that to GR24, while avoiding any symptoms of 
phytotoxicity. Successive decapitation and GR24 applications were 
carried out in the same way as that described above. Following GA3 or 
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PHC application and decapitation, control plants were treated with 10 µL 
of 0.02% acetone in sterile distilled water. 
The experiments with exogenous bioactive GA3 and the biosynthesis 
inhibitor were repeated by administering these chemicals directly on the 
lateral buds of the fourth node in order to verify their effectiveness in 
such kind of application.  
This material was used for determination and quantification of the main 
endogenous GAs. For this purpose, plants of both cultivars were treated 
with 10 µL GA3 0.05 mM or 10 µL PHC (5 µg 10 µL-1) 3 hours before 
decapitation and samples were collected at different times thereafter 
(T=0h, T=1h, T=3h, T=6h).  
Successive experiments have been carried out by treating plants with 
exogenous GA3, or PHC alone or coupled together, in order to evaluate 
the growth response in terms of buds elongation. 
Groups of intact and decapitated plants of both cultivars were treated 
with 10 µL GA3 0.05 mM administered directly to the lateral buds of the 
4th node for five days consecutively. In other experiments, exogenous 
GA3 and PHC were administered to plants 3 hours before the apex 
removal and the treatment with 10 µL GR24 10 µM that was repeated 
daily for five days. Equivalent volume of 0.02% acetone in sterile 
distilled water for five consecutive days was administered to the 
respective controls.  
When administered together, GA3 and PHC were dissolved in sterile 
distilled water and applied to the buds of the 4th node 3 h before the 
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decapitation and subsequent daily treatment with GR24 10 µM or 
equivalent volume of 0.02% acetone in sterile distilled water for five 
consecutive days. 
 
 
Analysis of the main endogenous growth regulators 
 
The concentration of the main endogenous GAs and IAA was 
determined in roots and in stem segments of the two cvs. Samples 
(approximately 0.5 g each) were taken from 10 days old plants, by 
cutting with a blade a stem segment, which included the 4th node and 
the 5 mm of internodal tissue above and below the node and, 
separately, the lateral roots. The collected samples were stored at -
80°C. 
Samples were analyzed for the concentration of IAA and the bioactive 
GA1, its biosynthesis precursors GA20 and GA19 and its direct catabolite 
GA8. Samples were homogenized with mortar and pestle and extracted 
with 10 ml of 80% methanol with 0.02% acetic acid and supplemented 
with suitable amounts of 13C-IAA and deuterated GA1, GA20, GA19 and 
GA8 as internal standards. The homogenates were first stirred for 5 
hours at 4 °C, then the samples were centrifuged (15 min, 4 °C, 
10000xg). The supernatant was collected and the pellet redissolved in 
fresh 10 mL extraction solvent; the extraction was repeated twice. 
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The volume of the extract was reduced by using a rotary evaporator 
and the pH adjusted to 2,8-3 with 0.1N HCl. Each sample underwent 
four partitions with equal volumes of water-saturated ethyl acetate and 
subsequently dried out with the rotary evaporator. The samples were 
dissolved in 500 µL of the starting solvent of HPLC (10% methanol in 
0.01% acetic acid) and loaded on the HPLC column to be purified. 
HPLC was performed on a SpectraSystem instrument (Thermo, USA), 
equipped with a XTERRATM MS C18 column, 3.5 µm particle size, eluted 
at a flow rate of 0.6 mL min-1 with solvents A (0.01% acetic acid) and B 
(methanol), as follows: 5 min 10% B, then a linear gradient from 10 to 
30% B in 15 min, hold 30% B for 1 min, then a second linear gradient 
from 30 to 100% B in 20 minutes). 
The detector wavelength was set at 240 nm: although gibberellins 
showed a relatively low absorbance, this wavelength allowed us to 
effectively dampen the background noise and to limit the absorption of 
light caused by methanol and acetic acid, that would have been 
unacceptably strong at lower wavelengths. Under these conditions, the 
standards of the analytes showed the following retention times: IAA= 
30.70 min; GA1= 29.70 min; GA8= 19.60 min; GA19= 37.10 min; GA20= 
35.50 min. 
Fractions corresponding to the elution volumes of the standards were 
collected when running the samples, then dried out and silylated with 
15 µL bis(trimethylsilyl)trifluoroacetamide containing 1% 
trimethylchlorosilane (Pierce, USA). Ater the purification step with HPLC 
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the silylated analytes were identified and quantified by gas 
chromatography-mass spectrometry. 
Gas chromatography-mass spectrometry was performed on a Saturn 
2200 quadrupole ion trap mass spectrometer coupled to a CP-3800 gas 
chromatograph (Varian, Palo Alto, CA, USA) equipped with a MEGA 1 
capillary column (MEGA, Legnano, Italy) 25 m×0.25 mm ID 0.25 µm 
film thickness, coated with 100%dimethylpolisiloxane. The injection was 
splitless with 2 min purge off, at 250 °C. The temperature of the 
transfer line between the gas chromatograph and the mass 
spectrometer was set at 250 °C. Oven temperature was 120 °C for 
2 min, followed by a gradient from 120 to 190 °C at 35 °C min−1, then 
from 190 to 210 °C at 6 °C min−1 and a final ramp from 210 to 300 °C 
at 35 °C min−1 with a final hold of 10 min. Full scan mass spectra were 
obtained in EI+ mode with an emission current of 30 µA, an axial 
modulation of 4 V and the electron multiplier set at −1500 V. Data 
acquisition was from 70 to 350 Da at a speed of 1.4 scan s−1 for IAA 
and from 250 to 600 Da at a speed of 1.1 scan s−1 for GAs.  
The following ions were monitored for IAA and GAs quantification: m/z 
202-319 for IAA, and 208-325 for 13C-labeled internal standard; m/z 
447-564 for GA1 and 449-566 for D2 GA1; m/z 535 for GA8 and 537 for 
D2 GA8; m/z 460-563 for GA19 and 462-565 for D2 GA19; m/z 433-476 
for GA20 and 435-478 for D2 GA20. 
Quantification was carried out by reference to a calibration plot obtained 
from the GC-MS analysis of a series of mixtures of each standard 
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hormone with the corresponding labelled form. The results were 
reported as concentrations of the hormones per g-1 of fresh tissue. Each 
data was the average of three replications. 
 
 
RNA extraction 
 
For RNA extraction 200 mg of frozen tissue from apices, 4th internodes 
and roots of the two cultivars from each time after decapitation and 
treatment with GR24 10 µM (T=0h, T=1h, T=3h, T=6h) were used. The 
samples were ground to a fine powder in a pre-cooled mortar with liquid 
nitrogen. TRI Reagent® (Sigma, St Louis, MO, USA) was added (2 
mL/200 mg tissue) and after grinding for a further few minutes, the 
liquid was split into two 1.5 mL tubes. After vortexing, the tubes were 
allowed to stand at room temperature for 5 min, then the samples were 
centrifuged at 12000 xg, 4°C, for 10 min using a Beckman Coulter 
Allegra TM 21R centrifuge. The supernatant was transferred to fresh 
tubes, 0.2 mL of chloroform were added and after vortexing, the tubes 
were left at room temperature for 5 min. After centrifugation at 12000 
xg, 4°C, for 10 min the aqueous supernatant was transferred to fresh 
tubes and 2/3 vol of isopropanol was added. The samples were gently 
mixed and incubated on ice for 10 min before centrifugation at 12000 
xg, 4°C, for 10 min. The supernatant was removed and discarded, 1 mL 
of 75% EtOH was added to the pellet and the tubes were vortexed for 
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15 s. After centrifugation the supernatant was discarded and the pellet 
was allowed to air dry before being resuspended in 30 – 50 µL of 
RNase-free water and pooled with the other subsample. Integrity of 
RNA was checked by electrophoresis: 10 µL of RNA solution were loaded 
on 1% agarose gel in 1x TAE (Tris-acetate-EDTA) buffer; RNA 
concentration and purity were evaluated spectrophotometrically and the 
remaining RNA solution was stored at -80°C. 
 
 
DNase treatment  
 
The contaminating genomic DNA was removed from RNA solution 
through Turbo DNA-freeTM (Ambion, Austin, TX, USA) DNase treatment. 
The reaction mix for the DNase treatment was as follows: 5 µL buffer 
10X, 1 µL DNase (2U), 2 µg of RNA and RNase-free water (final volume 
50 µL). After incubation at 37°C for 30 min, 5 µL of inactivation buffer 
were added and kept 2 min at room temperature. The subsequent 
centrifugation at 8000 xg allowed to recover 40 µL of purified RNA from 
the 50 µL initial volume. 
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cDNA synthesis 
 
For cDNA synthesis the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystem, Foster City, CA, USA) was used. The reaction 
mixture was set up as follows:  
• 40 µL of DNase treated RNA (approx. 2 µg) 
• 10 µL RT buffer 10x 
• 10 µL random primers 10x 
•  4 µL dNTP mixture 25x 
• 5 µL retrotranscriptase (MultiScribe RT enzyme, 50 U/µL, Applied 
Biosystem, Foster City, CA, USA) 
• RNase-free water up to 100 µL. 
The reverse transcription was performed in a thermal cycler using the 
following thermal profile: 
 Step 1 Step 2 Step 3 Step 4 
Temperature (°C) 25 37 85 4 
Time (min) 10 120 5 ∞ 
 
To check the quality of the newly synthetized cDNA a PCR was 
performed by using primers for the 18S transcript (see Primer table). 
The PCR reaction mix was:  
• cDNA       1 µL  
• Primer forward 10 µM    1 µL 
• Primer reverse 10 µM    1 µL 
• GoTaq® Green MasterMix 2x   12.5 µL 
(Promega, Madison, WI, USA) 
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• Nuclease-free water      up to 25 µL 
 
The thermal profile was as follows: 
Initial denaturation 95 °C 2 min 
25 cycles:  
Denaturation 95 °C 30 sec 
Annealing 55 °C 30 sec 
Extension 72 °C 30 sec 
Final extension 72 °C 2 min 
Hold 4 °C ∞ 
 
 
Quantitative Real-Time PCR (qPCR) 
 
Quantitative PCR was used to analyze the relative expression of the 
following genes whose sequence can be found in GenBank database 
(http://www.ncbi.nlm.nih.gov/genbank/): GA3ox1, GA3ox2, GA20ox, 
GA2ox1, GA2ox2, RMS1, RMS5.  
Expression of the ribosomal 18S gene was used as internal standard. 
GENE NAME ACCESSION NUMBER 
18S U43011.1 
GA3ox1 AF010167.1 
GA3ox2 DQ864759.1 
GA20ox U58830.1 
GA2ox1 AF056935.1 
GA2ox2 AF100954.1 
RMS1 AY557341.1 
RMS5 DQ403160.1 
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The qPCR reactions were carried out in a ABI Prism 7700 Sequence 
Detection System (Applied Biosystem, Foster City, California, USA) and 
the SYBR® Green PCR master mix (Bio-Rad, Hercules, CA, USA) was 
used. 
 
 
PCR reactions were carried out in triplicate in a 15 µL volume 
containing: 
• cDNA       50 ng 
• Primer forward 10 µM    0.45 µL 
• Primer reverse 10 µM    0.45 µL 
• SYBR® Green PCR master mix 2x  7.5 µL 
• Nuclease-free water      up to 15 µL 
 
The thermal profile was as follows: 
Initial denaturation 50 °C 2 min 
Hot start 95 °C 5 min 
40 cycles:  
Denaturation 95 °C 30 sec 
Annealing 55-60°C 30 sec 
Extension 72 °C 30 sec 
 
The PCR product was further analysed by a dissociation curve program 
from 95 °C to 65 °C.  
Relative quantification of expression of each gene was performed using 
the 2-ΔΔCT method (Livak et al., 2001) 
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Primers design 
 
Primers were designed with “Primer 3” 
(http://frodo.wi.mit.edu/primer3/) basing on sequences available in 
GenBank database. 
Self and hetero complementarity values were also checked with the tool 
“Oligo analyzer” of IDT site 
(http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/). 
 
 
Statistical analysis 
 
GR24-treated plants were compared with the related controls for the 
elongation of the bud of node 4 by one-way ANOVA, performed 
separately on the climbing and the dwarf cv, whose means were 
discriminated using Tukey’s test. All experiments were carried out in 
GENE PRIMER NAME SEQUENCE 
Tm  
(°C) 
PRODUCT 
SIZE (bp) 
GA3ox1 GA3ox1 Fw GA3ox1 Rv 
  GTTATATCCTAGCGTACTCC 
  GTGGACAAATCTCTACATTG 
61 
62 104 
GA3ox2 GA3ox2 Fw GA3ox2 Rv 
  AAGAAGGTGTAGGGTATGT 
  CACGATGAAGAGAACATC 
60 
61 114 
GA20ox GA20ox Fw GA20ox Rv 
  ACACTCTCTTTTCGTTACTC 
  ATACTTCTGGTAGACAATCC 
60 
60 111 
GA2ox1 GA2ox1 Fw GA2ox1 Rv 
  ATAGCACCATTACCTTCAC 
  TATTATCAGCCAACCTTGA 
62 
62 108 
GA2ox2 GA2ox2 Fw GA2ox2 Rv 
  GTTATCGAAGATGGTGAC 
  CGTGTATCTCCTAATCTGAGAG 
60 
62 102 
RMS1 RMS1 Fw RMS1 Rv 
  GATATACCTATGCTTGTGG 
  CTTCTTCATACCAGTTCTTG 
61 
62 102 
RMS5 RMS5 Fw RMS5 Rv 
  AGAGTGTGATGTGAAACC 
  CGAGATCCTAATGTAGTTG 
60 
60 120 
18S RIBO Fw RIBO Rv 
  CTACGCTCTGGATACATTA 
  CCTCTGACTATGAAATACG 
61 
60 124 
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duplicate and each replication of each thesis was made of 30-35 plants. 
Data from the two replications were averaged for each thesis, because 
they did not differ statistically (consequently, n = 60-70 for each 
thesis).  
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Results  
 
GA metabolism in vining and dwarf plants 
 
The concentration of the main GAs was analyzed in shoot sections and 
in roots of intact and decapitated plants. After the apex removal, 10 µL 
GR24 10 µM (trt) or an equal volume of sterile distilled water (ctr) were 
administered to the buds of the 4th node and the explants were 
collected at different times after treatment. 
In intact plants (Apex and T=0) the level of the bioactive GA1 in the 4th 
node was nearly four times lower in the dwarf cv (Table 2) than in the 
climbing one (Table 1). Large amounts of the immediate metabolic 
precursor of GA1 (i.e. GA20) accumulated in dwarf plants and also the 
precursor of GA20 (i.e. GA19) was more abundant in this cv. Conversely, 
the level of the catabolite of GA1 (i.e. GA8) was tens of times higher in 
climbing plants. 
GA metabolism was upset by decapitation in both cvs, as demonstrated 
by the abrupt changes of the levels of both the precursor (GA20) and the 
catabolite (GA8) of the bioactive molecule, while GR24 10 µM treatment 
induced minor effects. 
In vining peas, three hours after apex removal (T=3), the GAs 
biosynthesis rate increased, as shown by the rise of GA20 and of the 
bioactive GA1 levels, which showed a bigger and earlier peak in GR24-
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treated plants compared to controls. At the same time a rapid decrease 
of the catabolite concentration did occur. 
TABLE 1. IAA and GAs concentrations in stems of vining pea (ng g-1FW) 
 Apex T0 T1 T3 T6 
   CTR +GR24 CTR +GR24 CTR +GR24 
IAA 100.1 114.39 56.3 36.32 nd nd 12.04 5 
GA1 79 78,65 32 16.05 66 311.84 95 23.40 
GA20 54.87 28,17 32.27 54.35 8356.7 6497.6 8603.8 5243.5 
GA19 nd 131.7 231 119 // // 378.5 // 
GA8 8550.5 5271.5 6614.1 4656.5 310 33.85 273.5 69.8 
 
The dwarf pea, before decapitation and GR24 treatment, displayed a 
lower content of GA1, because of their mutated GA3ox1 gene, which 
encodes the enzyme that catalyzes the last step of GA biosynthesis in 
stem tissues. Despite this mutation, which should impair GA1 
biosynthesis in this cv, the concentration of the hormone rapidly 
increased after decapitation, both in GR24 treated and in control buds. 
TABLE 2. IAA and GAs concentration in stems of dwarf pea (ng g-1FW) 
 Apex T0 T1 T3 T6 
   CTR +GR24 CTR +GR24 CTR +GR24 
IAA 63.1 38.85 356 19.64 22,21 4.85 12.88 9.24 
GA1 13.88 22.16 627.31 527.68 309.5 549.5 40.16 33.25 
GA20 4945 4581 4158 4176 3268 3141 132.9 123.9 
GA19 87.4 198.1 970 786 764.4 1528 183.4 203.1 
GA8 47.7 63.9 1261 1216 681 1357 2250 875 
 
Overall, these data are in agreement with those of Smith et al. (1992) 
and confirm that the dwarf cv ‘Meraviglia d'Italia’ is a le mutant, with a 
reduced GA 3-oxidase activity, owing to a defect in one or more 
PsGA3ox genes.  
The GAs metabolism in root apparatus of both cvs proceeded at a lower 
rate compared to stem and was subjected to smaller changes in 
response to apex removal and treatment with the synthetic SL. 
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Furthermore, the endogenous content of the main GAs was reduced in 
comparison to the above ground organs. 
In vining pea (Table 3) we found a lower GA1 content than in the dwarf 
cv (Table 4), probably due to a rapid catabolism of the hormone to GA8, 
whose concentration was steadily very high in climbing plants. 
 
TABLE 3. Root concentration of IAA and GAs in vining pea (ng g-1FW) 
 T0 T1 T3 T6 
  CTR +GR24 CTR +GR24 CTR +GR24 
IAA 116.6 164.8 48 45.6 25.6 46.8 23.2 
GA1 5 7 3.6 4 5.2 3.2 4.4 
GA20 19.8 5.2 nd 4.8 3.6 4 2.8 
GA19 40.2 26.4 19.6 27.2 16.4 22.4 28.8 
GA8 1703 1672 1438 1703 1650 1146 1795 
 
 
TABLE 4. Root concentration of IAA and GAs in dwarf pea (ng g-1FW) 
 T0 T1 T3 T6 
  CTR +GR24 CTR +GR24 CTR +GR24 
IAA 12.5 3.8 4.7 12 8.3 7.65 10 
GA1 15 7.25 8.5 10.25 8 9.22 9 
GA20 8 3.65 6 9 9 6.32 7 
GA19 46.5 37.8 25 54.6 41 36 39 
GA8 57.2 58,8 66 119 25.22 63 nd 
 
 
Response to GR24: vining and dwarf plants 
 
The developmental pattern of the chosen cvs was assessed by growing 
50 plants of each genotype under the conditions set up for the 
experiments: they did not develop any branch over several weeks and 
the axillary buds at the upper nodes achieved an average length of 
nearly 0.5 mm (data not shown), thus displaying a strong degree of AD. 
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This was promptly overcome by decapitation of the plant above node 4, 
a practice that always caused the outgrowth of one axillary bud at the 
node just below the cut and also at the lower nodes, in both cvs. Our 
preliminary work (Luisi et al., 2011), provided the basis to establish 
which concentrations of GR24 would have been applied to pea plants in 
the present experiments. The chosen values were greater than those 
previously tested, because we aimed at expanding the characterization 
of the response pattern of these plants to a wider range of SL 
concentrations. Furthermore, in our previous investigation GR24 was 
administered to each pea plant as a single application, according to 
Gomez-Roldan et al. (2008). Brewer et al. (2009) treated pea plants 
with repeated applications of the SL, likely to increase the effectiveness 
and reproducibility of the effects of the treatments. We relied on the 
latter choice and in the present experiments the treatments were 
repeated for 5 d consecutively. This multiple GR24 application following 
decapitation markedly affected the elongation of the axillary buds of 
node 4, measured 3 d after the last treatment. The response was 
dependent on the concentration of the chemical and on plant genotype.  
GR24 brought about a strong inhibition of bud elongation in climbing 
plants: the treated buds of the cv ‘Lavagna’ reached 33, 50 and 35% of 
the length of the related control, following five applications of 1, 5 and 
10 µM GR24, respectively (Fig. 2A). Nevertheless, the response 
appeared to have attained a saturation level, because there was not 
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any statistically significant difference (P > 0.05) among the average 
lengths of the treated buds.  
Fig. 2 Bud elongation, relative to the control, of decapitated pea plants, 3 d after the 
fifth treatment with GR24 at different concentrations. Bars represent the mean of two 
independent replicates (n = 60-70) ± SE. Different letters indicate statistically 
significant differences according to Tukey’s test (P < 0.05). A, vining; B, dwarf. 
 
The impact of GR24 on the dwarf cv was strikingly different: increasing 
the concentration of the molecule promoted bud elongation (Fig. 2B), 
although the effect was statistically significant only for the highest dose 
(P < 0.05). The treated buds were 90, 117 and 174% of the length of 
the corresponding control after five treatments with 1, 5 and 10 µM 
GR24, respectively. 
 
 
Response to GR24 following chemical manipulation of GA metabolism 
 
To phenocopy the physiologically normal GA content in the dwarf cv and 
the GA deficiency in the climbing one, plants were watered with GA3 
and PHC solutions, respectively, prior to GR24 treatments to the buds. 
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Five mL of 30 µM GA3 were administered to the dwarf plants 5 and 7 d 
after germination (i.e. 5 and 3 d before the first GR24 treatment).  
PHC was chosen among several GA biosynthesis inhibitors because it 
represses the activity of GA 3-oxidase (Brown et al., 1997) and thus 
mimics the effects of the le mutation of the dwarf cv. Climbing plants 
were treated with 20 mL of PHC 1 mM 6 and 10 d after germination (i.e. 
4 d before and the day of the first GR24 treatment). 
Gibberellic acid rescued the dwarf phenotype to such an extent that the 
treated plants were assumed to be a suitable phenocopy of the wild 
type: the response to GR24 was studied in these GA-enriched le 
mutants. The effectiveness of root application of the exogenous GA was 
evaluated by comparing the length of internodes 3 and 4 of GA3-treated 
dwarf plants with the corresponding internodes of both climbing and 
untreated dwarf plants (Table 5). The measurements were carried out 
10 days after germination (3 d after the second GA3 treatment), i.e. at 
the time scheduled for plant decapitation and first application of GR24, 
when the chosen internodes had just reached their full length. 
 
Table 5. Mean length of internodes 3 and 4, 10 d after germination in the climbing 
and in the dwarf cv ± 30 µM GA3  
Internode Vining Dwarf 
Dwarf 
+ 
GA3 
  mm  
3 54.14 ± 3.9 14.89 ± 1.3 41.15 ± 3.1 
4 52.17 ± 4.2 15.90 ± 0.6 32.50 ± 1.8 
Values are the mean of two independent samples ± SE (n = 40 for climbing pea; n = 
80 for dwarf pea). 
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The GA3 treatment strongly enhanced the elongation of internodes 3 
and 4 in the dwarf cv, by nearly 176 and 104%, respectively. Although 
internodes 3 and 4 were approximately 24 and 38% shorter, 
respectively, than those of the climbing plants, it may be assumed that 
two root applications of 30 µM GA3 could be suitable for our 
experiments. Dwarf plants supplied with GA3 were decapitated and 10 
µL of a 10 µM solution of GR24 were applied on the bud of node 4 for 5 
d: only one concentration of the SL was tested, because it was the sole 
to give rise to significant effects in our le plants (see Fig. 2B). The 
results show (Fig. 3) that GR24 behaved as an inhibitor in GA3-treated 
plants, because it lowered bud elongation by about 40% in comparison 
with the GA3-treated control. Therefore, while 10 µM GR24 enhanced 
bud elongation in dwarf plants, the supply of a bioactive GA to the same 
cv turned the SL into an inhibitor of bud growth, at least at the 
indicated concentration. 
 
Fig. 3 Bud elongation, relative to the control, of decapitated dwarf plants, 3 d after 
the fifth treatment with 10 µM GR24 ± 30 µM GA3 via roots. Bars represent the mean 
of two independent replicates (n = 60-70) ± SE. Different letters indicate statistically 
significant differences according to t test (P < 0.05). 
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The phenotype of the climbing plants administered with PHC via roots 
was similar to that of the dwarf ones, to an extent that was dependent 
on the developmental stage of the examined tissue (Table 6). The 
length of internodes 3 and 4 was measured 12 days after germination 
(i.e. 6 d after the first PHC supplying and 2 d after the second), when 
their elongation had ceased. PHC markedly shortened internode 4, with 
weaker effects on internode 3, whose growth was at a more advanced 
stage at the time of the treatments: their length was decreased by 
nearly 48.5 and 13%, respectively. Although internodes 3 and 4 of the 
treated plants were still 71 and 110% longer, respectively, than the 
corresponding ones of the dwarf control, the effect of the root applied 
dose of the inhibitor was considered satisfactory for our purposes. Our 
assumption was substantiated by preliminary tests, that revealed 
several macroscopic damages or defects to the tissues of plants that 
had been treated with doses of PHC greater than 1 mM, while a 
concentration of 10 mM had turned out to be lethal (data not shown). 
 
Table 6. Mean length of internodes 3 and 4, 12 d after germination in the dwarf and 
in the climbing cv ± 1 mM prohexadione-Calcium (PHC) 
Internode Dwarf Vining 
Vining 
+ 
PHC 
  mm  
3 21.22 ± 0.7 51.18 ± 4.9 44.50 ± 3.0 
4 17.22 ± 0.6 57.25 ± 2.8 29.51 ± 1.3 
Values are the mean of two independent samples ± SE (n = 38 for dwarf pea; n = 84 
for climbing pea). 
 
The treatments with PHC via roots prior to decapitation and GR24 
applications changed the response of the plants to the SL, which lost its 
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effectiveness (Fig. 4). The five applications of 10 µL of 10 µM GR24 did 
not affect the growth of the axillary bud of node 4, whose length did not 
differ significantly from the control (P > 0.05), 3 d after the last 
treatment. Only one concentration of the strigolactone was tested, viz 
the same as that administered to dwarf plants. 
 
 
Fig. 4 Bud elongation, relative to the control, of decapitated vining plants, 3 d after 
the fifth treatment with 10 µM GR24 ± 1 mM prohexadione-Calcium (PHC). Bars 
represent the mean of two independent replicates (n = 60-70) ± SE. According to t 
test, means did not differ statistically (P > 0.05) 
 
GA3 and PHC were administered also to the lateral buds of the 4th node, 
instead of to the roots, before decapitation and GR24 10 µM application. 
For these experiments we decided to apply 10 µL GA3 0.05 mM solution 
to the buds, because this concentration is similar to that of the bioactive 
GA1 that we detected in the stem of dwarf plants (627 ng g-1 FW ⇒ 160 
ng GA1 stem segment-1). 
To evaluate the lateral bud growth response, the plants were treated 
with GA3 3 hours before decapitation and application of 10 µL of 10 µM 
GR24, that was daily repeated for 5 consecutive days. Equivalent 
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volumes of 0.02% acetone in sterile distilled water for five consecutive 
days were administered to the respective controls. 
The same procedure was followed for the pretreatment with PHC (5 µg 
10 µL). 
The growth response of the lateral buds of node 4 is reported in tables 
7 and 9 for the climbing cv and the dwarf one, respectively;  
 
Table 7. Elongation of the buds of node 4 of vining plants treated with 
several growth regulators 
Group n° Description Bud lenght (mm) 
1 Intact + GA3 (5 d) 0.52 ± 0.12 (o) 
2 Decap. + GA3 (5 d) 5.05 ± 0.82 (a) 
3 GA3 + Decap.+ GR24 (5 d) 3.92 ± 0.29 (a) 
4 GA3 + Decap.+ H2O (5 d) 5.44 ± 0.69 (c) 
5 Decap.+ GR24 (5 d) 2.72 ± 0.19 (b) 
6 Decap.+ H2O (5 d) 4.11 ± 0.42 (a) 
7 PHC + Decap. + GR24 (5 d) 2.23 ± 0.27 (b) 
8 PHC +Decap. + H2O (5 d) 32.78 ± 3.1 (e) 
9 PHC + GA3 + Decap. + GR24 (5 d) 2.10 ± 0.25 (b) 
10 PHC + GA3 + Decap. + H2O (5 d) 95.21 ± 7.05 (f) 
Values are the mean of two independent samples ± SE (n = 25-30). Different 
letters correspond to significant differences between means (P < 0.05). 
 
In vining plants the GA3 application on intact individuals did not induce 
any appreciable elongation of the bud. 
The repeated application of GA3 to decapitated vining plants (Group 2, 
table 7) caused a slightly greater elongation of the bud than in Group 6 
(decapitation + H2O treatment), but the difference was not significant 
(P > 0.05); conversely when GA3 was administered to intact plants as a 
pretreatment, i.e. 3 hours before apex removal (Group 4), it induced a 
significant greater bud elongation compared to Group 6 plants (P = 
0.049). 
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The GA3 application to lateral buds prior to decapitation was 
accompanied by an increase of the endogenous content of GA1 in the 
stem of vining pea plants (Table 8). In plants pretreated with GA3 the 
lateral buds inhibition exerted by GR24 was less effective and the 
lateral buds resulted significantly more elongated than the decapitated 
+ GR24 treated ones (P < 0.05) (Group 3 and Group 5). 
The GA3-related partial loss of effectiveness of GR24 is highlighted also 
by the lack of a statistically significant difference between the lateral 
bud elongation of Group 3 and Group 6 of this pea variety (P > 0.05). 
The PHC supplied to the buds of vining plants did not change markedly 
the endogenous content of the bioactive GA1 within three hours of its 
application (Table 8), but its effect on lateral bud growth was strikingly 
different with respect to the application via roots (compare Fig. 4, with 
Table 7, Groups 7 and 8). The pretreatment with PHC did not alter the 
effectiveness of 10 µM GR24 in inhibiting lateral bud outgrowth, as 
shown by the lack of significant difference between Group 7 and 5 (P > 
0.05). 
The elongation of the buds treated with PHC + H2O (Group 8) was 
strikingly higher than that of the plants treated only with water after 
decapitation.  
An extremely great elongation was observed also for the lateral buds of 
PHC + GA3 pretreated plants (Group 10, Table 7), but the application of 
GR24 completely abolished this effect (Group 9). 
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Table 8. Endogenous GA1 content in Vining 
plants after treatment with 10 µL GA3 0.05 
mM or 10 µL PHC (5 µg 10 µL-1) to the 
lateral buds three hours before decapition 
(T=0)  
 
 
Table 9 reports the lateral bud length of dwarf plants in response to 
different treatments. 
 
Table 9. Elongation of the buds of node 4 of dwarf plants treated with 
several growth regulators 
Group n° Description Bud lenght (mm) 
1 Intact + GA3 (5 d) 0.3 ± 0.18 (o) 
2 Decap. + GA3 (5 d) 2.9 ± 0.6 (c) 
3 GA3 + Decap.+ GR24 (5 d) 1.61 ± 0.25 (d) 
4 GA3 + Decap.+ H2O (5 d) 3 ± 0.42  (c) 
5 Decap.+ GR24 (5 d) 2.16 ±0.11 (b) 
6 Decap.+ H2O (5 d) 1.46 ± 0.18 (a) 
7 PHC + Decap. + GR24 (5 d) 0.92 ± 0.1 (e) 
8 PHC + Decap. + H2O (5 d) 2.46 ± 0.42 (c) 
9 PHC + GA3 + Decap. + GR24 (5 d) 1.41 ± 0.22 (a) 
10 PHC + GA3 + Decap. + H2O (5 d) 3.2 ± 0.6 (c) 
Values are the mean of two independent samples ± SE (n = 25-30). Different 
letters correspond to significant differences between means (P < 0.05). 
 
As seen for vining pea plants, the application of GA3 on intact dwarf 
plants did not induce any appreciable elongation of the bud. 
The GA3 administered to lateral buds of intact dwarf plants as a 
pretreatment (Group 4) had the same effect as the GA3 daily applied to 
lateral buds of decapitated plants (Group 2; P > 0.05); both treatments 
markedly enhanced lateral bud elongation with respect to decapitated + 
H2O-treated controls (Group 6; P < 0.05).  
Vining GA1 (ng g-1 FW)  
 CTR +GA3 +PHC 
T=0 78,65   
T=1 h 32 86 30,7 
T=3 h 66 393 30 
T=6 h 95 384 24,4 
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As aforesaid, in this cultivar the 10 µM GR24 applied daily for five 
consecutive days (Group 5) promoted bud elongation significantly in 
comparison to the control (Group 6; P < 0.05). 
While decapitation of dwarf plants is followed by a strong increase of 
GA1 concentration in the 4th node, the treatment with GA3 to the same 
node (Group 3 Table 9), prior to apex removal, delayed and weakened 
the expected GA1 peak (Table 10) and this coincided with an 
enhancement of the inhibiting action of GR24: this is demonstrated by 
the significant differences of lateral bud elongation between Groups 3 
and 5 and between Groups 3 and 4 of table 9 (P < 0.05). 
 
 
Table 10. Endogenous GA1 content in 
Dwarf plants after treatment with 10 µL GA3 
0.05 mM or 10 µL PHC (5 µg 10 µL-1) to the 
lateral buds of node 4 three hours before 
decapitation (T=0). 
 
 
The application of PHC to node 4 prior to decapitation stimulated bud 
elongation (Group 8 table 9) with statistically significant effect respect 
to the control (Group 6; P < 0.05). PHC pretreatment to dwarf plants 
turned GR24 into a bud inhibitor: the values of Groups 7 and 8 are 
significantly different (P < 0.05) and the effect of GR24 is reverted in 
comparison to Groups 5-6. Furthermore, such PHC-induced 
enhancement of the inhibiting power of GR24 was significantly stronger 
than that elicited by the pretreatment with GA3 (Group 3). Similarly to 
what occurred in the climbing cv, PHC strongly inhibited the 
Dwarf GA1	  (ng	  g-­‐1	  FW)	   
 CTR +GA3 + PHC 
T=0 22,16   
T=1 h 627 50 37 
T=3 h 309 252 30 
T=6 h 40 375 18,8 
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biosynthesis of GA1 in the 4th node of dwarf plants (Table 10) and 
stimulated lateral bud elongation, although at a lower extent (compare 
Groups 6 and 8 of Table 7 with Groups 6 and 8 of Table 9).  
Despite the different effects of PHC and GA3 on the metabolism of 
endogenous GAs (Table 10), these were not accompanied by 
significantly differences in lateral bud elongation (Groups 4 and 8). 
Differently from the vining plants, the GA3 + PHC application (Group 
10) did not cause a strong elongation of lateral buds, similarly to either 
GA3-pretreated or PHC-pretreated plants (Groups 4 and 8, 
respectively). The lateral buds of dwarf individuals pretreated with GA3 
+ PHC were sensitive to GR24, which significantly inhibited their 
elongation (compare Groups 9 and 10; P < 0.01); the degree of 
inhibition was intermediate between PHC-pretreated (Group 7) and 
GA3-pretreated plants (Group 3). 
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Genetic regulation of biosynthesis and metabolism of the main growth 
regulators involved in apical dominance 
 
In this section are reported the results of the analysis of the relative 
expression of genes involved in the latest steps of GAs metabolism and 
of two genes of the early strigolactone biosynthesis pathway. 
 
 
Gibberellin metabolism genes 
 
Five genes involved in the GAs metabolism were analysed. Initially, the 
expression level of these genes was studied in intact control plants of 
the two pea cultivars in order to compare the transcript levels in 
different tissues of the plant (Fig. 5). All data were normalized on the 
expression value of the vining pea root control, to facilitate the 
comparison between tissues and between cultivars at the same time. 
GA20ox catalyzes the synthesis of GA20, the precursor of the bioactive 
GA1. GA3ox1 and GA3ox2 genes encode two isoenzymes responsible for 
the reaction that converts GA20 into the bioactive GA1. GA2ox1 and 
GA2ox2 are involved in the catabolism of bioactive GAs. The enzyme 
encoded by GA2ox catalyzes the 2β oxydation of GA1 to the inactive 
catabolite GA8 (Ingram et al., 1984; Mitchum et al., 2006; Weston et 
al., 2008).  
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Figure 5 shows that the genes for GAs metabolism were generally more 
expressed in vining pea than in the dwarf one.  
The GA3ox2 is a tissue specific gene and it is expressed only in roots, 
while the GA3ox1 is expressed both in roots and in stem tissues 
(Mitchum et al., 2006; Weston et al., 2008). In vining pea GA3ox1 was 
found to be transcribed in all tissues analyzed, even if the highest level 
was found in the stem. In intact dwarf pea plants, conversely, GA3ox1 
showed a weak expression in all tissues analyzed and it was slightly 
higher in roots than in the stem.  
The GA2ox1 was expressed in the whole organism in vining pea with its 
maximum in the stem, while in the dwarf one the expression of this 
gene in the stem was extremely low. The GA2ox2 was mainly express in 
roots and its expression was slightly higher in dwarf than in vining peas. 
The GA20ox was more expressed in roots, and no expression was 
detectable in the apex of both pea cultivars 
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Fig. 5 Relative expression of genes involved in the latest steps of GAs biosynthesis 
pathway in intact vining and dwarf plants: GA3ox1, GA3ox2, GA2ox1, GA2ox2, 
GA20ox. For each gene, data are normalized on the vining root expression value. Bars 
represent the mean of four independent replicates ± SE.	  
 
The expression level of these genes was evaluated also at different 
times following decapitation ± GR24 treatment (T=0, 1, 3, 6 hours). In 
this case, for each gene, the expression level in root tissues of each 
cultivar at T=0 was chosen as the reference value (=1). This allowed to 
compare the relative expression between stem and roots within the 
same cultivar. These experiments aimed at elucidating how apex 
removal and SL application to lateral buds might modulate the 
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expression of GAs- and SL-pathway genes during the 6 hours 
subsequent to the treatment. 
 
Fig. 6 Relative expression of genes involved in the latest steps of GAs biosynthesis 
pathway at different times after decapitation ± 10 µL GR24 10 µM in vining and dwarf 
plants: GA3ox1, GA3ox2, GA2ox1, GA2ox2, GA20ox. For each gene and each cultivar, 
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data are normalized on the root expression values. Bars represent the mean of four 
independent replicates ± SE. 	  
 
In vining pea, GA3ox1 showed a slightly increased expression soon 
after decapitation in the stem of control plants, while in the SL treated 
plants the expression of this gene was transiently suppressed and 
increased later. In the roots, the expression of such gene was 
considerably enhanced following apex removal: it was higher in the 
control plants compared to the SL treated ones at every time, even if 
the differences weakened between 3 and 6 hours from decapitation. 
In the stem and in the roots of dwarf pea plants the expression level of 
GA3ox1 was extremely low and, with the exception of a marked, 
although transient, increase in the GR24 treated roots (T=1), no 
significant differences between treated and control plants were 
observed. 
As already mentioned, GA3ox2 is expressed only in roots. In vining pea, 
its relative expression rapidly rose within one hour after decapitation 
and the application of GR24 apparently contributed to stabilize and to 
increase the expression of GA3ox2. 
The expression of this gene was barely detectable in the roots of dwarf 
plants, with the exception of the T=1 treated plants and of control 
intact plants (T=0). 
GA2ox1 reached very high expression levels in the stem of both 
cultivars. In the stem of vining pea it increased similarly in control and 
GR24 treated plants, that diverged only at T=6. Conversely, the 
expression in the roots was higher in treated vining plants compared to 
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controls. In the latter group the transcript level progressively 
decreased, while the SL treatment sustained the expression of the gene 
at a high level for a longer time. 
In dwarf stems the expression level of GA2ox1 was very low shortly 
after decapitation (T=0, T=1) in both groups, while it rose strongly 
thereafter. In the roots of dwarf pea plants, instead, the expression 
level of GA2ox1 in the control group did not change significantly in the 
T=0 - T=3 time lapse, while it did at T=6 hours. In treated plants the 
expression was constantly lower than in the controls, even if there was 
an analogous rise at T=6. 
In intact plants of both cultivars, as shown in Fig. 5, GA2ox2 was 
expressed mainly in roots, but decapitation caused in the stem a rapid 
increase of the transcript at T=1, especially in vining peas and to a 
greater degree in treated plants of both pea cultivars (Fig. 6). In the 
following hours, the transcript level dropped to values close to zero. In 
the roots of vining and dwarf peas the expression of this gene 
decreased after decapitation ± GR24. 
In both the pea cultivars studied, GA20ox expression was remarkably 
higher in roots than in the stem, with an opposite pattern in the two 
cultivars. In the stem of vining pea the transcription was very low in all 
samples, but slightly higher in the treated plants, even if, probably, this 
difference was not physiologically relevant. In the roots of climbing peas 
the decrease in the transcript level of GA20ox was faster in the control 
group, while the SL treated plants showed an increase soon after the 
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application of GR24 and, except for the T=3 samples, the relative 
expression level of such gene was significantly higher in the SL treated 
plants. 
In the stem of dwarf pea plants, the GA20ox transcripts were always 
higher in the control. In the roots of this genotype, the expression level 
gradually levelled off after apex removal, but differently from the roots 
of vining plants, the relative expression was constantly higher in the 
controls. 
 
 
Strigolactone biosynthesis genes 
 
RMS5 and RMS1 are the genes responsible of early steps of SL 
biosynthesis. As mentioned in the Introduction section, the Carotenoid 
Cleavage Dioxygenase7 (CCD7) and CCD8, that sequentially cleave the 
SL precursor β-carotene, are encoded by RMS5 and RMS1, respectively. 
These enzymes act principally in the roots on immobile intermediates 
and their products are exported through the xylem in the stem where, 
after further enzymatic processing, they participate to the modulation of 
AD. 
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Fig. 7 Relative expression of RMS5 and RMS1 genes involved in early reactions of SL 
biosynthesis pathway. All data are normalized on the vining root expression value. 
Bars represent the mean of four independent replicates ± SE. 
 
As expected, RMS5 and RMS1 (Fig. 7) showed higher expression levels 
in root tissues than in the stem, with no significant differences between 
the two pea cultivars. In vining peas these genes were significantly 
more expressed in the apex than in internode tissues. Conversely, in 
dwarf peas no significant differences in gene expression were detected 
between the above ground organs analysed, in which the transcription 
of RMS1 was almost null. 
The expression level of these genes was analysed also at different times 
after decapitation ± GR24 treatment (T=0, 1, 3, 6 hours). Again, the 
expression level in the root samples at T=0 of each cultivar was chosen 
as the reference value (= 1). This made possible to compare the 
relative expression between stem and roots within the same cultivar 
(Fig. 8). In vining peas, RMS5 expression was very low in the stem at 
all sampling times. In the roots, instead, it quickly rose after 
decapitation and was always higher in the control plants compared to 
the treated ones, even though after T=1 the observed differences were 
barely significant. 
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Fig. 8 Relative expression of RMS5 and RMS1 genes involved in early steps of SL 
biosynthesis pathway, at different times after decapitation ± 10 µL GR24 10 µM. Data 
are normalized on the root expression value of each cultivar. Bars represent the mean 
of four independent replicates ± SE. 
 
 
In the stem of dwarf plants the transcript level of RMS5, after an initial 
decrease (T=1), markedly rose up. In the roots, after the increase 
observed in the treated samples at T=1, the expression level showed 
low values, with no significant differences between the controls and the 
treated plants. 
The RMS1 expression in the stem of vining plants decreased shortly 
after decapitation, with a slightly weaker effect in GR24 treated buds 
between T=1 and T=3. Also in the roots this gene was more expressed 
in SL treated plants, where significant differences with respect to the 
control could be observed within one hour from decapitation. 
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Afterwards, the transcript levels in control plants, following the inintial 
decrease, attained the value of treated plants. 
In the stem of dwarf plants the relative expression of RMS1 increased 
progressively after decapitation, to a greater extent in the control 
plants, that were significantly richer in RMS1 transcripts at all sampling 
times. Differently from the vining pea plants, in the dwarf ones the SL 
treatment apparently downregulated RMS1. In roots, the transcript 
level of this gene decreased after decapitation both in control and in SL 
treated plants and no differences were observed between these groups. 
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Discussion 
 
The response of bud growth to GR24, a synthetic analogue of the SLs, 
was studied in pea plants whose AD has been manipulated through the 
removal of the apex. The experiments were performed on two cvs: both 
have a normal genotype for SL biosynthesis and signal transduction, but 
one of them is mutant for the biosynthesis of GAs. Pea plants used in 
these experiments showed a strong AD and the axillary buds along the 
stem normally did not develop into branches, unless AD was upset by 
an external cue. When they had four fully developed internodes (i.e. 10 
d after seed germination) plants were decapitated above node 4 thus 
allowing lateral buds to outgrow. Apex removal is a straightforward 
technique used to remove or weaken AD. Decapitation alleviates the 
inhibition exerted by the shoot apex, allowing for the outgrowth of 
lateral buds. This response is triggered by the reduction of the polar 
auxin flow originating from the apex. This downregulates the expression 
of RMS5 and RMS1, that encode the enzymes of two early steps of the 
SLs biosynthesis (Ferguson and Beveridge, 2009). Therefore, 
decapitation can induce a decrease in the endogenous content of SLs in 
the stem. 
In my research the effect of GR24 on bud development of decapitated 
plants was compared between the climbing cv and the dwarf one. 
Moreover, the two cvs were (partially) reciprocally phenocopied by 
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manipulating the metabolism of GAs, to emphasize any possible 
interaction between SLs and GAs in the control of AD. 
Preliminary analyses were essential for the molecular characterization of 
the dwarf cv ‘Meraviglia d’Italia’, for which no accurate information were 
available on the putative mutation affecting its stem height. Many 
widely used commercial cvs of pea are le mutants (Atwell et al., 2003), 
i.e. their short internodes are due to a defect in a gene encoding a GA 
3-oxidase, the enzyme catalyzing the last step of GA biosynthesis (the 
activation of GA20 to GA1). The le mutation reduces the content of the 
bioactive GA1 and its catabolite GA8, while causing the accumulation of 
GA20, whose conversion to GA1 is hampered by the defective enzyme. 
The characterization of the cv ‘Meraviglia d’Italia’ confirmed that it is a 
le mutant, for two reasons: 1) we detected very low amounts of GA1 in 
the intact stem of this genotype; 2) the expression of GA3ox1 was 
extremely low in the whole intact plant of ‘Meraviglia d’Italia’. For these 
features it was suitable for our research.  
In our previous work (Luisi et al., 2011), we obtained preliminary 
evidence of the efficacy of GR24 in inhibiting bud outgrowth in 
decapitated pea plants with normal SL metabolism and signaling and 
also suggested that a crosstalking between SLs and GAs may contribute 
to the control of AD. The experiments reported in the present work may 
add to our knowledge on the response of decapitated pea to SL and 
strengthen the aforesaid hypothesis on the involvement of a hormonal 
crosstalk in the control of AD. 
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According to Brewer et al. (2009) we treated pea plants with repeated 
applications of the synthetic SL for 5 d consecutively, with the aim of 
increasing the effectiveness and reproducibility of the effects of the 
treatments. In the vining cv, this multiple GR24 application following 
decapitation markedly affected the elongation of the axillary buds of 
node 4, measured 3 d after the last treatment. 
The applied SL confirmed its effectiveness as inhibitor of bud growth 
following the disruption of AD in the climbing cv, although the tested 
concentrations appeared to have saturated the response of the buds. 
The same range of GR24 concentrations seemingly led to a progressive 
loss of efficacy of the molecule in the dwarf plants: increasing the 
concentration of the molecule promoted bud elongation, although the 
effect was statistically significant only for the highest dose.  
In vining pea, the lateral buds treated with GA3 prior to apex removal 
elongated significantly more than those mock-treated. In this cv GR24 
significantly inhibited GA3 pretreated axillary buds, although the 
application of the exogenous GA lowered the effectiveness of the SL. 
The bud application of PHC strikingly modified the response to 
decapitation in vining pea. The PHC pretreated lateral buds and, to a 
much greater extent, the PHC + GA3 pretreated ones, elongated well 
beyond the decapitated + H2O plants.  
Nevertheless, GR24 showed a strong inhibiting activity, because the SL 
fully counteracted the astonishing stimulation of growth caused by PHC 
and GA3.  
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In our previous work we had shown that GR24 behaves like a growth 
stimulator on the axillary buds of decapitated dwarf plants, at least at 
the doses that we tested, because the SL-treated buds elongated more 
than the respective controls. In the present work, we partially 
phenocopied the climbing cv by administering exogenous GA3 to the 
lateral buds of dwarf plants and then the response to GR24 was 
investigated. Differently from the vining plants, in the dwarf ones the 
GA3 pretreatment restored the inhibiting action of GR24, as displayed 
by the tiny development of the lateral buds of GA3 + SL treated plants.  
In dwarf plants, the growth response to GR24 of GA3 pretreated buds 
was similar to decapitated + H2O controls, even though the statistic 
analysis detected significant differences. 
The PHC-pretreatment of the axillary buds of dwarf plants was even 
more effective than GA3-pretreatment in restoring the inhibiting activity 
of GR24. 
The PHC pretreatment, alone or coupled with GA3, did not induce in 
dwarf plants the strong lateral bud elongation observed in the vining 
ones, although the growth response was significantly greater than in 
the H2O-treated, decapitated control. 
The GAs metabolism is finely regulated through feedback and 
feedforward mechanisms that are able to modulate both the 
biosynthesis and the sensitiveness of the plants to this class of growth 
regulators (Yamaguchi, 2008). 
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Decapitation deeply upset the metabolism of GAs in both pea cvs used 
in these experiments, as demonstrated by the abrupt changes of the 
levels of both the precursor (GA20) and the catabolite (GA8) of the 
bioactive GA1, while GR24 10 µM treatment apparently induced minor 
effects. 
The application of GA3 to vining plants prior to decapitation induced a 
significant increase in the GA1 content just a few hours later, likely 
through an alteration of the homeostatic mechanisms that regulate the 
concentration of GA1 and such increase could have contributed to the 
remarkable observed elongation of the axillary buds. 
The application of the GA biosynthesis inhibitor PHC as a pretreatment 
to the lateral buds of vining plants did not affect promptly the GAs 
content; in dwarf plants, the chemical induced a more pronounced 
reduction of GA1 concentration, earlier than in the previous cv. 
In dwarf plants we observed a rapid GA1 increase in the stem after 
decapitation, regardless to the application of the SL.  
The source of this GA1 in the stem of dwarf plants is not clear. We 
hypothesized that it is synthesized and exported from the root tissues, 
where the GA3ox2 gene, specifically expressed in the underground 
organs (Weston et al., 2008), is functioning. The expression of this 
gene may be sufficient to sustain a biosynthesis activity of GA1 which, 
once exported through the xylem, would give rise to the observed early 
peak of GA1 in the stem tissues of the dwarf plant. In this view, roots 
might decisively contribute to the control of AD.  
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According to this, the bioactive GA1 concentration in the root apparatus 
of dwarf pea plants was quite low, suggesting that the hormone might 
be quickly exported, thus letting no time for its accumulation. The low 
amounts of GA8 found in dwarf plant roots lend support to this 
interpretation: if GA1 is rapidly moved upwards through the xylem, its 
catabolism in the roots will proceed at a low rate, thus preventing the 
accumulation of GA8. 
While decapitation of dwarf plants is followed by a strong increase of 
GA1 concentration in the 4th node, a treatment with GA3 0.05 mM 
directly to the bud of node 4, prior to apex removal, delayed and 
weakened the expected GA1 peak.  
The changes in the pattern of GA1 concentration correlated with 
changes in the response to GR24. In vining plants, the GA3 application 
apparently determined an increase in the GA1 content, that was 
accompanied by a loss of effectiveness of GR24. In the dwarf plants GA3 
treatment appeared to delay the GA1 peak that was observed in control 
plants and this correlated with the restoration of the inhibiting action of 
the SL. 
As expected, the application of the GA biosynthesis inhibitor PHC led to 
a strong and persistent decrease in the GA1 content in both cvs. This 
drop of GA1 was accompanied by a remarkable activity of GR24 in 
inhibiting lateral bud outgrowth. 
How could GAs fit into a model depicting the control of AD? According to 
a well substantiated theory, which has been named ‘The auxin 
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canalization hypothesis’, to develop an active shoot the lateral 
meristems must be able to export auxin, but the sink strength for auxin 
in the main stem is limited (Balla et al., 2011; Bennet et al., 2006; 
Ongaro and Leyser, 2008).  
According to Willige et al. (2011), GAs may enhance polar IAA transport 
by reducing the turnover of PIN auxin efflux facilitators. Therefore, it 
may be inferred that GAs may contribute to the regulation of AD 
through their ability of modulating polar auxin transport. As discussed 
previously, this auxin flux is also under the control of SLs, that act by 
reducing it. This could be the basis for a possible crosstalking between 
GAs and SLs in the control of AD: the molecular mechanism underlying 
the action of both classes of growth regulators would impinge on IAA 
transporters, with opposite effects. 
Briefly we can conclude that, whenever an increase in the GA1 content 
occurred, the SLs reduced the effectiveness in the inhibition of the 
axillary bud outgrowth. 
Conversely the reduction in GA1 content was always correlated with an 
improvement of the SLs effectiveness in the lateral buds outgrowth 
inhibition. 
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Conclusions 
 
The hypothesized GA-SL interaction may be a nodal point of the 
hormonal network regulating AD. Our data suggest that GAs antagonize 
the action of SL: higher concentrations of GA1 are correlated with a 
reduced degree of inhibition of bud growth operated by the SL.  
The chemical manipulation of bioactive GA levels by GA3 and PHC 
treatments would alter the response of pea plants to the applied SL: the 
reciprocal phenocopies of the two cvs exhibited major changes, or even 
the reversal, of the response to GR24. 
The IAA, GAs and SLs cross talking should be further investigated in 
order to better define reciprocal interactions between these plant 
growth regulators in the regulation of AD. For this purpose, it would be 
useful to analyse the endogenous content of IAA in the stem of plants 
treated with GA3 or PHC, alone or administered together. These 
analyses, for instance, could help to elucidate the mechanism that 
regulates the outstanding growth response of vining pea plants with 
reduced GA1 content following the treatment with PHC. 
Other aspects of this hormonal crosstalking could be examined with the 
study of the relative expression of genes involved in the signal 
transduction of GAs and IAA. A further research line could be the study 
of how polar auxin transport is modulated in response to the exogenous 
growth regulators that we applied to our plants and how these changes 
may correlate with the level of endogenous GA1. 
	   68	  
Taken together, these aspects may be essential to fill the picture of the 
fine regulation of the hormonal crosstalking in the control of AD and 
deserve further efforts to be fully elucidated.  
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